The structural analysis of rubber by NMR has been split between the principal structural units on the one hand, and end-groups and crosslinks on the other [2] [3] [4] [5] [6] [7] [8] [9] . Although they tend to be overlooked because they only make up an extremely small part of the rubber compared with the principal structural units, the endgroups and crosslinks in particular have been analysed by NMR as a key factor governing the rubber properties [10] [11] [12] [13] . Using low molecular weight polyisoprene and isoprene oligomers isolated from different plant species as model compounds, Tanaka et al analysed the endgroups of natural rubber by accurately assigning the very small signals detected in the solution NMR spectra [14] [15] [16] [17] [18] [19] [20] . It was inferred that the initiating end-groups in the biosynthesis of natural rubber were a modified dimethylallyl group and two trans-1,4-isoprene units, while the terminating end-group was a cis-1,4-isoprene unit linked to a lipid. However, since the end-groups formed branch points constrained by physical or chemical interaction, it was difficult to make a detailed structural analysis by solution NMR. In contrast, the structure of the crosslinks in vulcanised natural rubber has been analysed by solid NMR spectroscopy making use of high power 1 H decoupling and 5-6 kHz magic angle spinning [21] [22] [23] [24] [25] [26] . Köenig et al. assigned the very small signals appearing in the solid NMR spectrum on the basis of the values of the chemical shifts estimated by predictive calculations and deduced that the crosslinks in vulcanised natural rubber are tertiary carbon atoms linked to sulphur. While solid NMR spectroscopy thus opened a path to the analysis of crosslinks and branch points, the deduction of crosslink structure in signal assignment and the computation of chemical shifts based on predictive calculations lacked rigour as the basis of analysis. Thus, despite the end-groups and crosslinks in natural rubber having been intensively studied by NMR, their structures have still not been determined.
In order to verify previously deduced rubber end-group and crosslink structures and establish final, conclusive structures, empirical assignments must be made by twodimensional NMR spectroscopy [27] . The development of FG-MAS solid NMR spectroscopy has recently permitted empirical analysis of the structures of the crosslinks in vulcanised natural rubber by two-dimensional NMR. Because of this, highly dependable analytical results are now reported for the relation between crosslink structure and properties. This review presents an overview of FG-FMAS solid NMR spectroscopy and then surveys some of the insights gained from the analysis of crosslink structure in vulcanised natural rubber [1, 28] .
CoMPosItIoN oF FG-FMAs PRobe
The structure of the crosslinks in vulcanised rubber can be analysed empirically by examining the homonuclear correlation and heteronuclear correlation, which are observable if the resolution of the NMR spectrum is raised so that all signals are completely separated. To satisfy such conditions in vulcanised rubber with its relatively active molecular motion [29, 30] , the effects of the dipole-dipole interaction responsible for signal broadening need to be eliminated. Theory predicts that the resolution of the NMR spectrum increases in magic angle spinning (MAS) above 20 kHz [31] . Fast MAS of this kind should be realised by making the diameter of the sample tube small and reducing the amplitude of oscillation of the centre of gravity in rotation. It has been reported [32] that, in practice, making the sample tube no more than 1 mm∅ in diameter takes MAS above 80 kHz. However, the amount of rubber sample that can be loaded decreases if the sample tube diameter is reduced, making it difficult to detect crosslinks at a concentration of around 1/100th of the cis-1,4-isoprene units as NMR signals. To resolve this trade-off, the diameter of the sample tube must be optimised so that fast MAS at 20 kHz or more can be achieved at the same time as maximum sample loading. Again, the sensitivity of NMR measure ments could be raised even further if a probe were developed to allow polarisation transfer, singlequantum or multiple quantum coherence measurements and field gradient measurement [27] .
The tool developed in this context was the FG-MAS solid NMR probe shown in Figure 1 . The parts nomenclature is as follows: The probe has been constructed so that fast MAS and field gradient techniques can be applied and the conditions set up for analysing rubber end-group and crosslink structure are as follows [1] : Taking into account the concentration of end-groups and crosslinks in rubber, the sample tube diameter is set at 3.2 mm∅ or 4.0 mm∅ to provide a sample size of 100 mg at the very least. The spinning speed of 22 kHz means that NMR locking is possible with 2 H so that all the pulse sequences of solution NMR are available. In order to apply a field gradient of 20 G/cm (0.2 T/m), the target nuclei are limited to two; the nuclei 1 H and 13 C frequently used in the structural analysis of rubber can therefore be examined as target nuclei. Taking the thermal degradation of rubber into account, a temperature range of ambient to 80°C was chosen for examination in the rubbery state. Figure 2 shows the solid 13 C-NMR spectrum of vulcanised natural rubber and the solution 13 C-NMR spectrum of the uncured rubber. The solid 13 C-NMR measurements employed fast MAS and NMR block using deuterium oxide. The five signals appearing in the 13 C-NMR spectrum are respectively assigned to the C1 to C5 nuclei in the cis-1,4-isoprene unit illustrated. The halfwidth and S/N ratio of the C5 signal at 24.3 ppm are given in Table 1 . The half width and S/R ratio in the solid 13 C-NMR spectrum from vulcanised natural rubber were almost the same as the half-width and S/N ratio in the solution 13 C-NMR spectrum. The effect of heteronuclear dipole-dipole interaction becomes negligibly small in fast MAS at 20 kHz or above and a higher resolution would be expected from the solid 13 C-NMR spectrum even without high power 1 H decoupling. Klüppel et al. [33] reported that in the solid 13 C-NMR of vulcanised natural rubber, the signals broaden in MAS at 3 kHz, the C5, C4, C1 signals mutually overlapping. In order to acquire high resolution spectra, Köenig et al. routinely applied high power 1 H decoupling when conducting solid 13 C-NMR spectroscopy on vulcanised natural rubber [22] [23] [24] [25] [26] . These reports reflect the fact that it was impossible to eliminate heteronuclear dipole-dipole interaction in past studies because the MAS rate was inadequate. In contrast to past 13 C-NMR spectra of this kind, high resolution solid 13 C-NMR spectra such as that shown in Figure 2 were acquired for vulcanised natural rubber simply by using fast MAS, indicating that the structural analysis of rubber had reached a new level.
oNe-DIMeNsIoNAl NMR MeAsuReMeNts
Enlarging the solid 13 C-NMR spectrum of vulcanised natural rubber in Figure 2 , a plurality of small signals can be distinguished at 40-60 ppm. As these do not appear in the solution 13 C-NMR spectrum of uncured natural rubber, they must be derived from crosslinks. Past studies yielded single broad signals at 40, 44, 50 and 58 ppm, respectively, each of which was treated as a single signal for assignment and analysis [12, 13, [22] [23] [24] [25] [26] [34] [35] [36] [37] [38] . However, using an FG-MAS probe, fast MAS and NMR locking, it was shown that a plurality of sharp signals existed at 40, 44, 50 and 58 ppm, broad signals disappearing completely from the spectrum. In addition to fast MAS, accurate shim adjustment by NMR locking with deuterium oxide is likely to have played an important role in signal separation. It thus became clear that the broad signals reported in the past were presented in the 
ratios of the signal from the methyl group 1 H at 1.7 ppm are given in Table 2 . Compared with the solution 1 H-NMR spectrum of the unvulcanised rubber, the solid 1 H-NMR spectrum of the vulcanised rubber yields a signal of lower S/N ratio and greater half-width. However, the results demonstrated that only minor differences exist between the solid 1 H-NMR spectrum of the vulcanised rubber and the solution 1 H-NMR spectrum of the unvulcanised rubber, and that by using an FG-MAS probe and applying fast MAS and NMR locking, it is possible to acquire a high resolution 1 H-NMR spectrum even in the solid state [1, 39] . Thus, fast MAS was shown to vastly reduce the effect of homonuclear dipole-dipole inter action and enable accurate shimming on NMR lock.
It will be seen from Figure 3 that small signals appear at 3.4 and 4.2 ppm in the solid 1 H-NMR spectrum from vulcanised natural rubber. The 3.4 ppm signal is assignable to the proton in -C-CH-Sx while the 4.2 pm signal is assignable to the proton in =C-CH-Sx [1] , where x represents the number of sulphur atoms in the crosslinks. Thus, fast MAS was successful in enabling analysis of signals originating from the crosslinks using Hence, using an FG-FMAS probe, 13 C-NMR and 1 H-NMR spectra originating from crosslinks could be acquired at high resolution, preparing the way for empirical assignment of the signals.
DePt MeAsuReMeNts
It should be possible to assign the small signals in the 13 C-NMR spectrum at 40-60 ppm by determining the number of substituents on each carbon atom. The number of substituents can be determined by applying the pulse sequences for distortionless enhancement by polarisation transfer (DEPT), utilising the interaction between 1 H and 13 C, and the attached proton test (APT). Table 3 shows the relation between the directionality of the signals and number of substituents in DEPT and APT. Primary, secondary, tertiary and quaternary carbons can be distinguished by signal direction. Figure 4 shows the DEPT45, DEPT90, DEPT135 and APT spectra from vulcanised natural rubber. The signals in the APT spectrum are shown by arrows. The 24, 26 and 32 ppm signals are presented upward, upward and upward in the DEPT45 spectrum, and are missing in the DEPT 90 spectrum. The same signals are presented upward, downward and downward in the DEPT135 spectrum. Assignment on the basis of Table 3 identifies the 24 ppm signal as the methyl group carbon Time (min) 13 13 Table 3 . Appearance of signals in DEPT and APT spectra C-NMR spectrum is made in the same way. The small signals at 40 and 44 ppm are upward in the DEPT45 spectrum, missing in the DEPT90 spectrum, and downward in the DEPT135 spectrum. The 58 ppm signal, on the other hand, is upward or missing in all of DPET45, DEPT90 and DEPT135 spectra alike. The 40 and 44 ppm signals are therefore assigned to secondary carbon while the 58 ppm signal is assigned to tertiary and quaternary carbon. Examination of the APT spectrum to check the assignments shows that both the 40 and 44 ppm signals are presented downward and the 58 ppm signals are upward and downward. Assignment on the basis of Table 3 [12, 13, [22] [23] [24] [25] [26] and Gronski [34, 35] , allowed the signals at 40-60 ppm to be assigned empirically. Figure 5 shows the heteronuclear multi-quantum correlation (HMQC) spectra of vulcanised natural rubber acquired by FG-MAS solid NMR spectroscopy, where the t 1 noise has been eliminated by selective measurement. By making multi-quantum coherence measurements while imposing a field gradient, it was possible to observe correlation peaks between the weak 40, 44 and 58 ppm 13 Figure 5 , the 40 and 44 ppm 13 C signals correlated with the 2.1 and 1.7 ppm 1 H signals and are therefore assigned to secondary carbon linked to substituents comprising carbon and hydrogen, while the 13 C signal at 58 pm is assigned to the tertiary carbon of -C-CH-Sx and =C-CH-Sx. Part of the 58 ppm 13 C signal is also assigned to quaternary carbon linked to sulphur (Figure 4) . In previous studies, Köening et al. [12, 13] assigned the 40 ppm signal to the methylene group of the trans-1,4-isoprene unit formed by isomerisation but the 44 and 58 ppm signals were assigned to tertiary carbon linked to sulphur. On the other hand, Gronski et al. [35] assigned the 44 ppm signal to secondary and tertiary carbon linked to sulphur and the 58 ppm signal to tertiary and quaternary carbon linked to sulphur. In contrast, application of FG-MAS solid NMR permitted empirical assignment of the 40, 44 and 58 ppm 13 C signals. The 40 ppm signal was assigned to the methylene group of the trans-1,4-isoprene unit formed by isomerisation, and the 44 ppm signal to the methylene group next to carbon linked to sulphur. The 58 ppm signal was assigned to tertiary and quaternary carbon linked to sulphur.
H-NMR spectra: (a) solid-state 1 H-NMR spectrum for the vulcanized natural rubber, (b) solution
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two-DIMeNsIoNAl NMR MeAsuReMeNts

stRuCtuRe AND PRoPeRtIes oF CRosslINKs
Based on the assignments in Figure 5 , a relationship can be established between the crosslink structure and mechanical properties of vulcanised natural rubber. Table 4 lists the recipes and crosslink densities of rubber at relatively low strain compared with the other rubbers; and the breaking stress was highest in CV rubber and decreased in the order semi-EV rubber, then EV rubber. Figure 7 shows the solid 1 H-NMR spectra of the vulcanised natural rubbers. Appearing in the 1 H-NMR spectra of the CV rubber, EV rubber and Semi-EV rubber are signals at 3.4 and 4.2 ppm due to -C-CH-Sx and =C-CH-Sx. The intensity ratios of the signals are the same for CV, EV and Semi-EV rubber. The amount of tertiary carbon linked to sulphur would thus be about the same in each material. Figure 8 shows the solid 13 C-NMR spectra of the CV rubber, EV rubber and Semi-EV rubber. Based on the assignments in Figure 5 , the 40 ppm signal may be assigned to the trans-1,4-isoprene unit, the 44 ppm signal to carbon atoms adjacent to carbon linked to sulphur, and the signal at 58 ppm to tertiary or quaternary carbon linked to sulphur. The 40 ppm signal is known to be from C 1 in the trans-1,4-isoprene unit due to side-reaction (cis-trans isomer isation) during vulcanisation of natural rubber. Since the intensity ratio of this signal is about the same in CV, EV and Semi-EV rubber, the intensity ratios of the 44 and 58 ppm signals in the three materials can be compared on the basis of this ratio. Thus, it is clear that the 44 and 58 ppm signal intensity ratio is highest in CV rubber, and decreases in the order Semi-EV rubber, then EV rubber. In EV rubber in particular, the 44 and Figure 8 . Solid-state 13 
H-NMR spectra for the vulcanized natural rubbers prepared by (a) CV, (b) EV and (c) semi-EV
C-NMR spectra for the vulcanized natural rubbers prepared by (a) CV, (b) EV and (c) semi-EV
subjected to conven tional vulcanisation (CV), efficient vulcanisation (EV) and semi-efficient vulcanisation (Semi-EV). The cure time (t 90 ) of the CV rubber, EV rubber and Semi-EV rubber was here adjusted to give the same crosslink density in each vulcanisate. In fact the crosslink densities of the CV rubber, EV rubber and Semi-EV rubber are almost identical, as shown in Table 4 . Figure 6 shows the stress-strain curves of the CV rubber, EV rubber and Semi-EV rubber. Despite the materials having the same crosslink density, the stress in CV rubber increased sharply 58 ppm signals are embedded in noise, making them difficult to identify. The results showed that CV rubber has a large amount of quaternary carbon linked to sulphur as well as tertiary carbon linked to sulphur, whereas Semi-EV rubber and EV rubber have, to the same extent, tertiary carbon linked to sulphur along with a small amount of quaternary carbon linked to sulphur [28] . It may be inferred that the breaking stress of CV rubber is superior to that of the other rubbers in Figure 8 because CV rubber supports more crosslinks of quaternary carbon linked to sulphur.
CoNClusIoNs
Application of FG-FMAS solid NMR spectrometry has at long last made it possible to analyse the structure of the crosslinks in vulcanised natural rubber on an empirical basis. Given that conventional NMR was restricted to solutions and solids, this is nothing short of a historic technological revolution. Thus, the structural analysis of rubber had lagged far behind the structural analysis of general purpose polymers, functional polymers, proteins and sugar chains because it had necessarily been dependent on solution NMR and solid NMR. Were FG-FMAS to be applied to materials which, like rubber, are neither liquid nor solid, it would allow the structure of the rubber end-groups, branch points and crosslinks hitherto treated as unknown to be analysed quantitatively. And if the information obtained were fed back into synthesis, it might be possible to synthesise new, superior rubber materials. For instance, if it were possible to elucidate the structure of the end-groups in natural rubber, the synthesis of a novel rubber exhibiting the same properties as natural rubber could no longer be ruled out. Of course, numerous obstacles remain before that dream comes true, but it is no longer the fantasy it was. Hopefully the day will come when equipment developed to analyse rubber is commonplace, the structure of rubber is completely elucidated, and any rubber can be made at will.
